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2  |     SEPPEY Et al.
1  | INTRODUC TION
Protists,	 that	 is,	 all	 eukaryotes	with	 the	exception	of	 fungi,	 plants	
and	animals	are	hyper‐diverse	 in	 soil	 systems	 (Geisen	et	al.,	2018;	
Mahé	 et	 al.,	 2017),	 where	 they	 play	many	 ecological	 roles	 as	 pri‐
mary	producers,	saprotrophs,	predators	or	parasites	 (Adl	&	Gupta,	
2006;	Geisen	et	al.,	2016),	and,	 thus,	play	a	key	role	 in	ecosystem	
functioning.	 Photosynthetic	 groups	 are	 essential	 components	 of	
cryptogamic	 crusts	 (Elbert	 et	 al.,	 2012;	 Pushkareva,	 Johansen,	 &	
Elste,	 2016)	 and	 constitute	 a	 significant	 source	 of	 organic	 carbon	
for	 soil	 organisms	 (Schmidt,	Dyckmans,	&	Schrader,	 2016;	 Seppey	
et	 al.,	 2017).	 Predatory	 protists	 occupy	different	 levels	 of	 the	mi‐
crobial	 food	 web,	 as	 primary	 consumers	 of	 algae	 (cyanobacteria	
or	 eukaryotic),	 fungi	 and	 bacteria	 (Bonkowski	 &	 Clarholm,	 2012;	
Dumack,	Mueller,	&	Bonkowski,	2016;	Hess	&	Melkonian,	2014)	but	
also	occupy	higher	trophic	levels	by	predating	on	phagotrophic	pro‐




























plied	 to	microorganisms.	As	a	consequence,	 spatial	modelling	of	 the	
distribution	of	microorganisms	has	been	 restricted	 to	 small	 areas	or	
aquatic	environments	 (Bulit,	2014;	Fraile,	 Schulz,	Mulitza,	&	Kucera,	
2008;	 King	 et	 al.,	 2010;	 Langer,	 Weinmann,	 Loetters,	 Bernhard,	 &	
Roedder,	2013;	Mitchell	et	al.,	2000;	Zaric,	Schulz,	&	Mulitza,	2006;	
Zinger,	 Shahnavaz,	Baptist,	Geremia,	&	Choler,	 2009).	Nevertheless,	


















chosen	within	 three	 functional	 groups—phototrophs,	 phagotrophs	
and	 parasites—along	 a	 wide	 elevational	 gradient	 in	 the	 western	
Swiss	Alps.	We	assessed	the	diversity	of	protists	in	178	meadow	soil	
samples,	 resulting	 from	a	 robust	 random‐stratified	 field	 survey	by	
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meadows	and	determined	to	what	extent	two	sets	of	environmen‐






































transpiration	 (etp),	 topography	 (topo),	 slope	 southness	 (asp)	 and	















and 10.6 μl	 of	ultra‐pure	water.	The	PCR	 reactions	 started	with	 a	
denaturation	step	at	95°C	for	5	min	followed	by	45	cycles	of	94°C	





each	 triplicate	was	pooled.	A	DNA	 library	was	prepared	 from	 the	
pools	using	the	TruSeq	Nano	PCR‐free	Library	Preparation	kit	and	
the	 paired‐end	 2	 ×	 300	 bp	 sequencing	was	 done	 on	 an	 Illumina® 
MiSeq	 at	 the	 University	 of	 Geneva	 (Molecular	 Systematics	 &	
















sequence	 of	 each	 OTU	was	 taxonomically	 assigned	 by	 aligning	 it	












selected	 nine	 broad	 taxonomic	 groups	 (i.e.	 clades,	 low	 taxonomic	
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resolution:	Adl	 et	 al.,	 2019)	 from	 three	 functional	 groups	 (a)	 para‐
sites:	Apicomplexa,	Peronosporomycetes	and	Phytomyxea;	(b)	phag‐






Peronosporomycetes:	 80%,	 Phytomyxea:	 75%,	 Sarcomonadea:	
80%,	 Tubulinea:	 75%,	 Spirotrichea:	 90%,	 Chlorophyceae:	 90%,	
Trebouxiophyceae:	85%,	Diatomeae:	77%).
2.6 | Richness and diversity analyses




Wolfe,	 &	 Chicken,	 2015,	 posthoc.kruskal.nemenyi.test	 function,	
‘pmcmr’	package	4.1;	Pohlert,	2014).	The	relation	between	H	and	the	
proportion	of	sequences	kept	(non‐Metazoa/Embryophyceae/Fungi)	








For	 each	of	 the	10	datasets,	H	was	modelled	 as	 a	 function	of	
























from	 classes	 Spirotrichea,	 Oligohymenophorea,	 Litostomatea	 and	
Colpodea;	 see	 Appendix	 S2.6).	 The	 three	 other	 dominant	 groups	
were	 the	 Stramenopiles	 (including	 Peronosporomycetes	 and	




richness	 (see	Appendix	 S2.4).	 The	 average	 richness	 per	 sample	 of	
these	 clades	 varied	 from	 7	 (Phytomyxea)	 to	 249	 (Sarcomonadea).	
Richness	 was	 on	 average	 lowest	 for	 phototrophs	 (15	 OTUs/sam‐
ple)	 and	 highest	 for	 phagotrophs	 (122	 OTUs/sample;	 Figure	 1).	
Shannon	 diversity	 indices	 followed	 the	 same	 trend,	 varying	 from	
an	average	value	of	1.1	 (Phytomyxea)	 to	4.3	 (Sarcomonadea).	The	
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We	 found	 that	 the	 distribution	 and	 diversity	 of	 the	 overall	
protist	community	and	of	each	taxon	were	explained	by	different	
environmental	 factors.	 The	 overall	 protists	 and	 nine	 taxa	 com‐
munity	distribution	were	structured	mostly	by	pH	and	rh	as	well	
as,	 on	 a	 lesser	 extent,	 by	 Soil_temp,	 shale,	 topo	 and	 tmean678	
(see	Appendix	S2.8	and	Appendix	S2.9).	 In	contrast,	distinct	 tax‐












The	 predictive	 power	 showed	 lower	 RMSE	 values	 (i.e.	 a	 bet‐
ter	 power)	 for	 the	 topo‐climatic	 than	 for	 the	 edaphic	 variables	
for	 all	 taxa	 except	 for	 the	 Chlorophyceae,	 Trebouxiophyceae	 and	
Sarcomonadea	for	which	the	values	were	higher	or	similar	(Figure	2).	
In	addition,	the	RMSE	of	the	models	calculated	on	the	edaphic	and	
topo‐climatic	 variables	 together	 were	 never	 significantly	 lower	
than	 the	 RMSE	 calculated	 for	 the	 topo‐climatic	 variable	 alone.	
The	RMSE	also	varied	among	 taxonomic	groups	when	a	given	 set	
of	variables	was	considered	and	the	diversity	of	certain	taxa	were	







4.1 | General patterns of protist communities in 
soils
Our	 study	 revealed	 several	 important	 findings	 on	 patterns	 of	


































































































































































































































































































































































































































































































































































































































































































































































































6  |     SEPPEY Et al.
Phagotrophs	 (e.g.	 Sarcomonadea	 &	 Tubulinea)	 and	 parasites	
(Apicomplexa)	were	the	most	abundant	functional	groups	in	terms	
of	 read	 abundance.	 Apicomplexan	 sequences,	 albeit	 numerous,	
were	 proportionally	much	 less	 abundant	 and	 diversified	 than	 in	
Neotropical	soils:	as	arthropods	are	less	abundant	and	diversified	
in	temperate	regions,	this	brings	further	support	to	the	hypothesis	
that	 soil	 apicomplexan	communities	mirror	 that	of	arthropods	 in	
the	 ecosystem	 (Mahé	 et	 al.,	 2017).	 Another	 abundant	 parasitic	
group	 is	 the	 Peronosporomycetes	 (until	 recently	 referred	 as	
Oomycota:	 Stramenopiles),	 which	 contains	many	 plant	 parasites	
but	also	animal	pathogens	and	a	few	free‐living,	saprotrophic	forms	
(Beakes,	 Glockling,	 &	 Sekimoto,	 2012;	 Lara	 &	 Belbahri,	 2011).	
Peronosporomycetes	 are	 shown	 to	 be	 common	 and	 diverse	 in	
temperate	soil	systems	(Seppey	et	al.,	2017;	Singer	et	al.,	2016).	By	
contrast,	they	are	less	abundant	and	diverse	in	neotropical	forest	
soil	 ecosystems,	 where	 they	 comprise	 mostly	 animal	 parasites	 
(Mahé	et	al.,	2017).
























4.2 | Model fit and predictive power of topo‐





enhanced	 drainage	 reduces	 the	 likelihood	of	water‐logging,	which	
would	select	for	very	specialized	protists	tolerating	anoxia	and	gen‐
erally	would	lead	to	lower	diversity.	Soil	pH	is	well	known	as	a	major	
driver	 of	microbial	 diversity,	 including	 protists	 (Bates	 et	 al.,	 2013;	
Dupont	et	 al.,	 2016;	Shen	et	 al.,	 2014)	but	 also	bacteria	 (Santoyo,	




for	 two	 groups	 of	 phagotrophs	 (Spirotrichea	 and	 Sarcomonadida)	
and	positive	for	Chlorophyceae.	It	is	unclear	whether	these	relation‐
ships	reflect	a	direct	effect	of	pH	or	rather	indirect	effects	such	as	
biotic	effects	 (e.g.	 impact	on	bacterial	or	fungal	 food	sources),	 the	




Predictability	 varies	 also	 to	 a	 large	 extent	 among	 taxonomic	
groups.	Indeed,	while	many	variables	explained	significantly	the	di‐
versity	of	the	three	groups	of	phototrophs	and	phagotrophs,	it	was	


















the	 ones	 including	 the	 edaphic	 variables.	 Moreover,	 it	 was	 never	
lower	than	the	predictive	power	of	the	models	 including	both	sets	
of	 variables.	 This	 suggests	 that,	within	 the	 levels	 of	 predictability	
achieved,	 predictive	models	 built	 solely	 on	 topo‐climatic	 variables	
are	as	accurate,	or	possibly	even	better,	than	the	models	built	with	







4.3 | Interpretation of the spatial patterns of protist 
diversity modelled with topo‐climatic variables
As	 for	 macroorganisms	 (D'Amen,	 Pradervand,	 &	 Guisan,	 2015;	
Dubuis	 et	 al.,	 2011;	 McCain,	 2005;	 Reymond,	 Purcell,	 Cherix,	
Guisan,	 &	 Pellissier,	 2013),	 and	 increasingly	 reported	 for	 other	
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in	 most	 cases	 (see	 Appendix	 S4.11	 and	 Appendix	 S4.12),	 either	
in	 a	 positive	 (Diatomeae,	 Phytomyxea	 and	 Tubulinea),	 unimodal	
(Apicomplexa,	 Sarcomonadea	 and	 Spirotrichea)	 or	 negative	 way	
(Chlorophyceae,	 Peronosporomycetes).	 A	 positive	 correlation	 of	
diversity	 with	 temperature	 (and,	 thus,	 productivity)	 is	 a	 typical	
pattern	in	macroecology	that	can	be	related	to	the	species‐energy	
hypothesis	as	long	as	moisture	is	not	a	limiting	factor.	This	pattern	
has	 already	 been	 demonstrated	 for	 protist	 communities,	 more	
exactly	testate	amoebae	(Fernández	et	al.,	2016;	Lara	et	al.,	2016),	a	
paraphyletic	group	which	comprises,	interestingly,	many	Tubulinea	
(Adl	 et	 al.,	 2019).	 Other	 related	 models	 for	 diversity	 patterns,	
like	 elevational	 gradients	 (Huston,	 1994;	 see	 Spehn	 and	 Körner,	
(2009))	have	been	also	shown	in	testate	amoebae	(Heger,	Derungs,	
Theurillat,	 &	 Mitchell,	 2016).	 On	 the	 other	 hand,	 if	 moisture	 is	
limiting,	unimodal	patterns	are	to	be	expected,	and	diversity	peaks	






































































































































































































































































































































8  |     SEPPEY Et al.
F I G U R E  4  Diversity	of	the	total	protist	community	and	nine	broad	taxa	predicted	from	Generalized	Additive	Model	through	the	Swiss	
western	Alps	based	on	the	topography,	slope	southness,	slope	steepness	and	average	temperature	from	June	to	August	2013
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where	both	moisture	and	energy	are	optimal	(water	energy	model:	
Fernández	 et	 al.	 (2016))	 intermediate	 disturbance	 hypothesis	
or	 mid‐domain	 effect	 (discussed	 for	 the	 same	 area	 in	 Dubuis	 et	
al.	 (2011)).	 Finally,	 Chlorophyceae	 and	 Peronosporomycetes	 are	
typically	 sensitive	 to	 high	 temperatures	 and	 desiccation,	 both	
including	 often	 flagellated	 life	 stages	 for	 dispersal	 that	 needs	 at	
least	 a	 thin	 water	 film	 to	 disperse	 (Jeger	 &	 Pautasso,	 2008).	 In	
addition,	high	diversity	in	Chlorophyceae	in	the	lowest	temperature	









4.4 | Technical and methodological issues





et	 al.,	 2012).	 However,	 a	 single	 SSU	 rRNA	 gene	 sequence	 may	
include,	in	certain	groups,	a	wide	diversity	of	species	with	different	
lifestyles	 and	 ecological	 preferences.	 This	 has	 been	 shown	 for	
different	 soil	 protists	 such	 as	 ciliates	 (Lara	 &	 Acosta‐Mercado,	
2012).	In	contrast,	in	Myxomycetes	(Amoebozoa),	SSU	sequences	
are	 truly	 hypervariable	 and	 discriminate	 relatively	 accurately	
between	 species;	 intragenomic	polymorphism	of	SSU	sequences	
has	been	even	detected	(Dahl	et	al.,	2018),	which	may	artificially	
inflate	 interpretations	 on	 environmental	 diversity.	 However,	 the	
accuracy	of	the	estimation	can	be	expected	to	 increase	with	the	
narrowing	of	the	taxonomic	range	of	the	investigated	organisms,	
as	 evolutionary	 drivers	 become	 more	 homogeneous.	 In	 other	
words,	 comparing	 the	 diversity	 of,	 for	 example,	 Apicomplexans	
between	 two	 localities	 can	 be	 reasonably	 expected	 to	 be	more	
accurate	than	comparing	the	whole	eukaryotic	diversity.
Computation	 of	H	 indices	 includes	 quantitative	 data,	 classi‐
cally	the	proportion	of	a	given	species	in	a	given	sample,	which	can	










based	 on	 sequence	 data	 in	 species	 that	 display	 a	 stable	 rDNA	
copy	number	 (Rodriguez‐Martinez	et	al.,	2009).	Nevertheless,	 if	
an	organism	violates	the	correspondence	by	inducing	more	reads	
per	biovolume,	 its	presence	 in	 a	 sample	would	be	 translated	by	
OTUs	covering	a	large	proportion	of	the	community,	which	would	
result	 in	 lower	diversity.	For	example,	Foraminifera	are	particu‐
larly	 prone	 to	biases	 in	 inferring	 the	 abundance	 from	 rDNA	 se‐
quences	due	to	alternation	of	generation,	variation	in	ploidy	and	
variation	in	number	of	nuclei	(Weber	&	Pawlowski,	2013).	Similar	








ant	 to	keep	 this	 in	mind	when	assessing	 the	diversity	of	groups	










tively)	 is	 still	 interesting	because	we	aim	to	assess	 if	 topo‐climatic	
predictors	achieve	at	least	as	accurate	models	as	edaphic	ones.
5  | CONCLUSION
We	 showed	 that	 the	 diversity	 of	 some	 taxa	 belonging	 to	 major	
functional	groups	in	the	Swiss	western	Alps	was	explained	up	to	>30%	
by	 topo‐climatic	 and	 edaphic	 conditions.	 A	 somewhat	 surprising	




and	 to	 some	 extent	 (22%),	 based	 on	 topo‐climatic	 spatial	 models	
only.	 The	 applicability	 of	 spatial	 modelling	 of	 protists	 diversity	 to	




Such	 an	 approach	 could	 be	 applied	 at	 finer	 taxonomic	 levels	
to	 predict	 the	 distribution	 of	 individual	 species,	 which	 would	 be	
of	 high	 socio‐economic	 relevance	 in	 the	 case	 of	 invasive	 agricul‐
tural	 or	 forestry	 pests	 of	 economic	 importance	 such	 as	 certain	
Peronosporomycetes.	 The	 models	 could	 be	 improved	 by	 refining	
the	 taxonomic	 groups,	 as	 taxa	 responding	 more	 homogeneously	
to	 environmental	 conditions	 may	 show	 stronger	 correlation	 with	
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abiotic	 variables	 than	 the	 broad	 group	 classification	we	 used.	 For	
instance,	 the	Peronosporomycetes	contain	organisms	belonging	to	
other	 functional	 groups	 than	parasites	 (e.g.	 saprotroph;	Beakes	 et	
al.,	2012;	Lara	&	Belbahri,	2011)	or	able	 to	 target	a	wide	 range	of	
hosts	 (e.g.	 Phytophthora cinnamomi;	 Hardham,	 2005).	 Therefore,	
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